Abstract: Investigations were done on two former open-cast lignite mining sites under reclamation, an artificial sand dune in Welzow Süd, and a forest plantation in Schlabendorf Süd (Brandenburg, Germany). The aim was to associate the topsoil hydrological characteristics of green algae dominated as well as moss and soil lichen dominated biological soil crusts during crustal succession with their water retention and the repellency index on sandy soils under temperate climate and different reliefs.
INTRODUCTION
Soils play a major role for biogeochemical and hydrological cycles in ecosystems worldwide. They have influence on nutrient and organic matter dynamics, water distribution, plant growth as well as biodiversity (e.g. Belnap, 2006; Bradshaw, 1997; Brevik et al., 2015; Büdel, 2003; Elliott, 1985; Housman et al., 2006; Lambers et al., 2008; Passioura, 1991) . The onetime process of surface mining is a human temporary impact, but drastically affects the landscape structure and natural ecosystem services and functioning worldwide (Krümmelbein et al., 2012; Walker and Willig, 1999) . While in the early 20 th century underground mining dominated, the mine production shifted and open pit mining techniques became more common.
In 2010, open pit mining was the major industrial mine operation worldwide, and played a major role e.g. in the United States of America, Canada, Australia, China, Russia, South Africa and Brazil (ICMM, 2012) . In Central Europe, especially in Poland, the Czech Republic and Germany belong to the world's largest lignite producers. In Germany the three main mining areas are Rhineland, Central Germany and Lusatia with an annual production of 185 million tons of lignite (Statistik der Kohlewirtschaft e.V., 2013). The latter is one of the largest mining areas in Germany (Krümmelbein et al., 2012) , and postmining landscapes of the Lusatian mining district cover an area of approximately 800 km² (Hüttl, 1998) .
Human disturbances during mining activities can strongly affect these ecosystem properties by destruction of naturally developed soils and removal of vegetation. As a result, a mixture of quaternary and tertiary sandy and unstructured material, excavated from great depths during the mining process, is the basic substrate for soil development in reclaimed areas (Gerwin et al., 2009; Krümmelbein et al., 2012) . This leads to special characteristics of soils developing on mine spoils, which are different from naturally developed soils Šourková et al., 2005) . The different geological origins of these sediments result in small-scale heterogeneity of chemical and physical soil properties (Hangen et al., 2005) . Among characteristics like a low pH, increased solubility of toxic metals as well as low levels of nutrients such as nitrogen, phosphorus or potassium were obtained, as well as very coarse or very fine texture of the substrate were obtained. Especially the substrates containing little amounts of organic matter lead to high bulk densities, compaction, low water infiltration rates, reduced water holding capacities and, hence, higher susceptibility to wind and water erosion (Bradshaw, 1997; Cooke, 1999; Krümmelbein et al., 2010; Nordstrom and Alpers, 1999; Reuter, 1997; Roberts et al., 1988) .
Reclamation measures can promote the establishment of stable and self-sustaining ecosystems, first steps being represented by the physical stabilization of the terrain as well as the restoring of the topsoil (Dutta et al., 2005) . For the promotion of colonization by plants, restoration activities like mulching, direct or hydraulic seeding or nurse plants are used (Cooke, 1999) , while extreme soil conditions can prevent plant growth (Bradshaw, 1997) . Hence, in the initial stage of the ecosystem development, the post-mining sites are open areas without or with a low cover of higher vegetation (Wiegleb and Felinks, 2001) . In this context, first cryptogamic pioneers, which are able to colonize the soil surface under such extreme conditions without human support, played a key role in the soil development and niche formation for higher plants (Bowker et al., 2014; Cutler et al., 2008) . Therefore, green algae, cyanobacteria and bacteria (Veste, 2005) promoted cross-linking of mineral particles, form biological soil crusts and accumulate organic biomass (Büdel, 2003; Dümig et al., 2014) . Stewart and Siciliano (2015) showed that the advantages of biocrusts could be implemented early in systematic reclamation measures, if mature biocrusts were applied as slurries on disturbed areas. While the natural growth of biological soil crusts took several years, these biocrusts slurries established within a few months.
Meanwhile, it is a well-known fact from studies in arid and semi-arid regions, that different biological soil crusts influence soil hydrological processes (Belnap, 2006) . They modify the water run-off infiltration balance (Kidron and Yair, 1997) and alter water re-distribution on different scales (Eldridge et al., 2002; Kidron, 2014) . Increased porosity, enhanced aggregate stability and an improved physical structure have been reported to cause higher infiltration (Mager and Thomas, 2011; Menon et al., 2011; Rossi et al., 2012) , while water repellency and clogging of pores led to a reduced infiltration (Kidron et al., 1999; Malam Issa et al., 2009) . Also an influence of soil crusts on infiltration can be masked by soil properties like structure or texture. Williams et al. (1999) reported no significant effect of cyanobacteria-dominated crusts on hydrological properties of a sandy loam soil, but did not exclude an influence with continuing crustal development, and thus, changing species composition or crustal organic matter accumulation.
Comprehensive studies that were carried out in the arid dune systems of the Northern Negev demonstrated that the species composition had drastic effects on infiltration, run-off processes and on the soil moisture content below the biocrusts (Kidron and Yair, 1997; Kidron et al., 2003) . Biological soil crusts could improve the soil water availability in the top soil with increased rainfall, while increased coverage by mosses and soil lichens limited rainwater infiltration under higher rainfall amounts (Yair et al., , 2011 . Cyanobacterial crusts enhanced run-off along the dune slope, affecting vegetation development and ecosystem processes Veste et al., 2011) . These studies emphasized the importance of the species composition of biocrusts (e.g. Breckle et al., 2008; Kidron and Yair, 1997; Kidron et al., 2003; Yair et al. 2011) .
Extreme habitats like sand dunes also occured in the temperate zone of Europe, where soil surfaces were covered with biological soil crusts (Büdel, 2003) . Only a few hydrological studies were conducted on sandy soils (Fischer et al., 2010; Lichner et al., 2013) and in reclaimed areas (Dümig et al., 2013; Fischer et al., 2013; Spröte, 2013; Spröte et al., 2010) . Fischer et al. (2010) investigated biological soil crusts on inland dunes deposited during the last glacial period in southern Brandenburg (NE Germany) regarding their hydrological characteristics. Here, the soil crusts were of an early successional stage and built up by Zygogonium ericetorum, Klebsormidium crenulatum and Polytrichum piliferum (Fischer et al., 2013) .
To examine, whether the influence of crustal species composition influences the hydrological behaviour and the repellency index of biological soil crusts compared to pure mining substrate without incrustation, the present study was conducted on two former lignite open-cast mining sites: an artificial sand dune on the reclaimed watershed Welzow Süd "Neuer Lugteich" and a reforestation area in Schlabendorf Süd. Different successional stages of soil crusts were identified from initial and more developed soil crusts as well as final moss-lichen crusts, forming a small-scale crust pattern (Gypser et al., 2015) . Therefore, the aim of this study was to relate the hydrological characteristics of the topsoil to successional stages of biological soil crusts on reclaimed soils and their influence on repellency index and water holding capacity. In addition, both the effect of biological soil crusts on sandy soils of temperate climate and the different geomorphological formation of the reclaimed sites were included. In comparison to previous studies that were carried out mainly in arid and semiarid regions, the influence of green algae crusts without any cyanobacteria on the repellent behaviour of the biological soil crusts was proved.
METHODS

Study sites
The sampling of biological soil crusts took place on the reclamation areas Welzow Süd and Schlabendorf Süd in March 2014. Both sites are located in the Lusatian open-cast lignite mining district in the vicinity of Cottbus (Brandenburg, Germany) (Gypser et al., 2015) , which is characterized by transitional Atlantic to continental climate with a mean annual temperature of 9.3°C and a mean annual precipitation of 581 mm a -1 (1981 DWD 2014) . The first study site, a reclaimed forest plantation (RFP) on the post-mining landscape of Schlabendorf Süd (51°46′7.07″ N, 13°44′27.70″ E), is situated 40 km west of Cottbus and is under reclamation since 1991 (Fig. 1a) . The entire area included 3269 ha and is presently used for forestry. The dumping site studied consisted of 80% tertiary and 20% quaternary material, and was characterized by a plantation of Betula pendula and scattered Pinus sylvestris (Fig. 1a) . The subjacent substrate of the biological soil crusts is dominated by a medium sand and consists of 98.3% coarse to fine sand, as well as 1.7% silt and clay, respectively (Spröte, 2013) . The pH of the sandy substrate ranged from 4.9 to 5.7 (Gypser et al., 2015) , and the total carbon as well as the nitrogen content amounted to 0.3 and 0.02% in the pure substrate, respectively. The second study site, an artificial sand dune (ASD) on the restored watershed "Neuer Lugteich" (51°35′53.00″ N, 14°17′23.20″ E), is part of the lignite open-cast mining Welzow Süd, was constructed in 2001 and covers an area of about 4.3 ha. The overburden substrates of the sand dune are 2 m quaternary sands, deposited on a 1 to 2 m ponding clay layer without further amelioration measures (e.g. liming, fertilizing), and the characteristic plant species of the sampling plots on ASD are Corynephorus canescens and conifer trees of Pinus sylvestris (Fig. 1b) . The subjacent substrate of the biological soil crust is also dominated by a medium sand and consists of 98.2% coarse to fine sand, as well as 1.8% silt and clay, respectively (Spröte, 2013) . The pH of the sandy substrate ranged from 5.1 to 5.6 (Gypser et al., 2015) , and the total carbon as well as the nitrogen content amounted to 0.1 and 0.01% in the pure substrate, respectively.
Sampling strategy
The sampling plots were selected randomly with the objective of representing mixed sites dominated by green algae, mosses, lichens, and by visually observable surface properties (colour, crust thickness, roughness and cover ratio) (Büdel and Veste, 2008; Gypser et al., 2015; Kidron and Yair, 1997) . For the in situ hydrological measurements, undisturbed soil crusts were collected by gently coring Petri dishes (diameter 55 mm, depth 1 cm) in the upper soil layer in order to obtain a well-defined and comparable surface area, and to avoid rupture of the crusts. Subsequently, the Petri dishes were sealed and the crusts carefully transported without harming them. In addition to the crust samples, also pure substrate samples without phototrophic organisms were taken for comparative analyses. The species composition of sampled biological soil crusts was further analysed both in the field and the laboratory.
Four (Schlabendorf as RFP: RFP 1 to RFP 4) and six (Welzow as ASD: ASD 1 to ASD 6) developmental stages, from initial to final successional stage, i.e. moss-lichen crust (e.g. ASD 6), were distinguished. On RFP, the diameters of the crust patches ranged from 10 to 30 cm, and the crust samples RFP 1 to 3 were collected randomly on an area of about 4 m², while RFP 4 was collected in a Betula planting approximately 9 m away. On ASD, the diameters of the crust patches ranged from 20 to 150 cm, and the samples were collected randomly from culmination (ASD 1) to depth range (ASD 5) of the sand dune, while ASD 6 was sampled about 25 to 30 m below the dune.
The different number of crustal development stages resulted from heterogeneity in terms of species formation and surface coverage at both sites and a detailed species list can be found in Gypser et al. (2015) . Per crustal development stage (RFP 1 to RFP 3, ASD 1 to ASD 5), four sub-samples were collected. From the final moss-lichen crusts (RFP 4, ASD 6), three subsamples were taken.
Chemical analysis
The total carbon content of air-dry soil crusts was determined with a CNS elemental analyser (Vario MICRO Cube, Elementar Analysensysteme GmbH, Hanau, Germany), assuming that the total carbon content of samples reflects organic carbon. Two representative soil crust sub-samples of each crustal development stage were selected for chemical analysis on both study sites.
Repellency index
For characterizing the wetting characteristics of biological soil crusts, the ethanol-water method at a pressure-head of -2 hPa was used (Hallet and Young, 1999) . In comparison to the water drop penetration test (WDPT), the determination of the repellency index (R i ) is more a measurement of crust surface polarity during wetting than for hydrophobicity. While the WDPT supposed high water repellency, the R i involves ethanol and water flows (Q Ethanol and Q Water ) in the biological soil crust and the subjacent substrate (Fischer et al., 2010) . Hence, a possible repellent behaviour of the soil crusts was detected and the infiltration via steady state water flow was measured simultaneously. The R i was calculated according to Hartmann (2008) , with the rearranged Equation (1) according to Fischer et al. (2010): 1.95
The steady state water flow (Q Water ) was used to describe the infiltration rate of the undisturbed samples. Moss-lichen crusts as final stages of soil crust development were not included in the micro-infiltration measurement, because fruticose lichens already exhibited strong growth in height and broke through the mineral soil layer. Hence, they were not suitable for the measurement. For the determination of the repellency index, ten repetitive measurements with ethanol and water per crustal developmental stage were considered.
Matric potential and water content
The water retention-curves of the undisturbed crust samples including their directly subjacent substrate were determined in a sand box (≤ 100 hPa) and a kaolin box (100-200 hPa, Eijkelkamp, the Netherlands). The nls-function of the R software suite was used to perform a numerical fit of the van Genuchten equation to the experimental data. Furthermore, the samples were dried at 20°C and at a relative humidity of 65% (corresponding to -58 MPa, van Genuchten residual water content Θ r ) and at 60°C to constant weight (absolute dryness). For the determination of matric potential and water content, two representative soil crust sub-samples of each crustal development stage on both study sites were selected.
The statistical analysis was performed using SPSS. The Mann-Whitney-U-test was chosen for testing variances between both study sites, and the Kruskal-Wallis-test analysed differences between crustal succession stages. Differences were significant at a 0.05-level. The Spearman-Rho was chosen to test significance of correlation. Differences were significant at a 0.01-level. 3 . Contents of organic carbon (C org ) at progressing developmental stages of biological soil crusts at the study sites ASD and RFP, mean ± standard deviation (n = 2).
RESULTS
Crust organic matter
Scattered and crusted green algae layer in small patches represented the initial stage of soil crust succession ( Fig. 2a and  b) . During soil crust succession, scattered green algae layer grew first to smooth, and later rough dense algae crusts. Moss plants and soil lichens appeared in advanced developmental stages, until final moss-lichens crusts without green algae were observed ( Fig. 2c and d) . During this soil crust development, biomass was progressively built-up and, hence, the contents of organic carbon increased (Fig. 3) . On ASD, organic carbon of the initial (0.3% ± 0.0) and moss-lichen crusts (37.5% ± 0.0) had lower values compared to initial and mature soil crusts collected on RFP (0.5% ± 0.1 and 41.4% ± 0.0, respectively).
Comparing the organic carbon contents of the biological soil crusts between the biocrusts stages as a measure for their development using the non-parametric Kruskal-Wallis H-test, the P-values amounted to 0.081 for ASD and to 0.128 for RFP. This insignificant relation supports the hypothesis of a transient state of biological soil crusts during their succession. At both study sites, the mean repellency index R i was lowest in the initial soil crusts with 2.90 ± 0.33 in Welzow and 2.15 ± 0.15 in RFP, and increased during the different stages of crust development ( Fig. 4a and b) . The highest R i was obtained ASD 3 and RFP 3 and amounted to 3.71 ± 0.34 and 2.79 ± 0.64 on ASD and RFP, respectively. During crust development, the R i obtained on ASD were altogether higher than on RFP (P < 0.05). The mean R i of the RFP samples were significantly lower (23.9%). The steady state water flow Q Water decreased with crustal development and was highest in the pure substrate samples with 1.00 mg s -1 ± 0.08 on ASD and 1.63 mg s -1 ± 0.40 on RFP, respectively ( Fig. 4c and d) . The mean infiltration rate obtained in the biological soil crusts on ASD was higher (27.1%) than on RFP. Filaments of Zygogonium spec. were tested regarding the excretion of extracellular polymeric substance (EPS) using light and polarizing microscopy (Fig. 5) . While R i measurements took about 75 sec, these observations took about 5 min to detect and influence of swelling EPS on R i , but no EPS were observed.
The correlation analysis of R i and organic carbon contents of the various crust samples from both sites indicated that both parameters were not correlated (Fig. 6) . While on RFP both initial and fully developed crust samples were located at low values of correlation, on ASD the value of the fully developed moss-lichen crust ASD 6 showed a higher carbon content without increased R i .
Soil water retention and water holding capacity
The soil water retention curves and the respective van Genuchten parameters were presented in Fig. 7 and in Table 1, respectively. The saturated water content Θ s increased with biocrust development and correlated with organic carbon (Fig. 8) (Spearman correlation coefficient R = 0.79, P < 0.01). In turn, the van Genuchten measure of the pore-size distribution n amounted to 2.66 ± 0.21 and to 2.23 ± 0.12 for the substrate . Correlation between mean organic carbon (C org , n = 2) and mean repellency index (R i , n = 10) obtained on biological soil crust samples at different developmental stages on the study sites ASD and RFP.
on ASD and on RFP, respectively, and decreased with crust development to values below 1.6 for the mature crusts. The field capacities amounted to 11% in the mineral substrate and exceeded 20% at later stages of crust development. On RFP, Θ r was continuous lower than on ASD (P < 0.05). The correlation of Θ s and the organic carbon content showed an increase of the saturated water content with increasing crustal biomass (Fig. 8) .
The more mature and final soil crusts were in the higher range of values. Differences between the crustal succession stages were not significant. It should be noticed that the thalli of the lichen Cladonia glauca and the moss Ceratodon purpureus lead to the formation of an organic layer resembling that of soil humus ( Fig.  2c and d) , thus resulting in some distortion of the soil core reference volume at water saturation at later stages of crust succession.
DISCUSSION
Water repellency and infiltration
Due to pore clogging by cross-linking of sand particles with green algal filaments (Fischer et al., 2010; Lichner et al., 2013; Malam Issa et al., 2009; Spröte, 2013; Yair et al., 2008) , an increase of the repellency index and reduced infiltration rates were observed with progressing crust development (Fig. 4 and  8) . A larger and denser linkage between biotic and mineral components led to lower infiltration. The occurrence of Zygogonium on the soil surface led to an increase of the water repellency in Dutch coastal and inland sand dunes (Jungerius and Dekker, 1990; Pluis, 1994) and on dumped material in post-mining sites (Fischer et al., 2014) , whereas decreased water repellency together with increased appearance of moss plants in more mature crusts may indicate that the changing crustal species formation affected the run-off in small-scale on biocrusts. Under low rainfall intensity, mosses in biological soil crusts absorb water and reduce small-scale run-off , but could also inhibit infiltration to deeper soil layers . In our study, at later successional stages the dense linkage of soil particles by green algae decreased, but the growth of moss plants and lichen thalli increased. Hence, the dry substrate might have been aerated by rhizoid growth of mosses, and after passing a threshold of absorption capacity at -60 hPa, the moss plants could have increased infiltration along their rhizoids (Spröte, 2013; Spröte et al., 2010) .
We supposed that the absent significance of correlation between R i and organic carbon could be attributed to the different species formation and distribution. While the occurrence of green algae resulted in an increasing R i , the growth of mosses led to a decrease. Because of the heterogenic contribution of mosses and green algae between the crustal development stages, a correlation of the repellent behaviour with just the organic carbon was not conclusive. This could be supported by the significant difference of the R i between both study sites. While on the ASD a similar species composition was observed, the abundance was substantially lower than observed on the RFP. Hence, this resulted in a higher heterogeneity between the sites compared to the stages of development of each site.
Conglutination of crusts through extracellular polymeric substance excreted by algae and cyanobacteria (e.g. Chen et al., 2014; Colica et al., 2014; Fischer et al., 2010; Katznelson, 1989; Kidron et al., 1999; Malam Issa et al., 2009; Mazor et al., 1996; Rossi et al., 2012) was mentioned as one reason for the decreasing infiltration and higher water repellency. However, cyanobacteria always dominated the crusts studied there. Hoppert et al. (2004) and Mazor et al. (1996) determined EPS in cultures with cyanobacteria by using electron and light microscopy. In the present study, we found the green algae Zygogonium spec., a small proportion of Ulothrix spec., but no cyanobacteria. For an optimal growth of cyanobacteria, the soil pH should be slightly alkaline or neutral (Belnap and Lange, 2003; Rosentreter and Belnap, 2003) , while on ASD the pH ranged from 5.1 to 5.6 and on RFP from 4.9 to 5.7 (Gypser et al., 2015) . Under acidic soil conditions and pH values below 5 or 4 these organisms were normally absent (Brock, 1973) and more eukaryotic green algae appear (Lukešová, 2001 ). Due to this reason, we isolated green algal filaments of Zygogonium spec. and analysed them while dry, during and after wetting by light and polarizing microscopy, but no EPS excretion was observed (Fig. 5) . We confirmed the findings of Hoppert et al. (2004) , who did not discover polysaccharide encapsulation or mucilaginous cover in the green algal genus Zygogonium.
Furthermore, the ground vegetation, but also the growth of pines as pioneer trees on nutrient poor sandy soils, may have affected the repellent behaviour of soils. Due to hydrophobic compounds from the organic matter of, for example, needles of Pinus sylvestris, high levels of repellency occurred in sandy soils, especially in the topsoil layers (Buczko and Bens, 2006; Buczko et al., 2005 Buczko et al., , 2007 Spröte et al. 2011) . Buczko et al. (2002) found a positive correlation between WDPT-measured repellency and the soil organic matter (R > 0.05) under pine trees. In our study, Pinus sylvestris grew on both study sites, but because of the distance to the soil crust samples, a direct influence was only possible on sample ASD 6, which was excluded from repellency measurements. Hence, this factor influencing infiltration could not be verified.
The ethanol-water method proposed by Hallett and Young (1999) used the different infiltration of water and ethanol at a given pressure head, proposing that the infiltration of ethanol was not influenced by non-polar (or better low-energy) surfaces, but water was, due to its high polarity. The repellency index corrects differences in viscosity in a way that totally nonrepellent soil has a value of 1. Following the definition by Hallet and Young (1999) the biocrusts and the substrate were water repellent (R i > 1).However, in the traditional sense of possessing supercritical contact angles with water drops persisting on the surface, the biocrusts are non-hydrophobic. Traditionally, such supercritical repellency is addressed using contact angles and water drop penetration time (WDPT-test). It was our assumption that water repellency does not appear instantly in non-repellent surfaces, but that it develops over time reaching some threshold value which can be determined using contact angles or WDPT. We used the repellency index to characterize the development of hydrophobicity before reaching this threshold. Therefore, the repellency index should probably be regarded as "subcritical soil hydrophobicity", as proposed by Hallett et al. (2001) .
Water retention
It was demonstrated that the water holding capacity (WHC) increased with the accumulation of green algal biomass (Fischer et al., 2012; Warren, 2003) . The different binding strength and water retention may be due to an increase of the adsorbent surface and a decrease of the pore diameter (Malam Issa et al., 2009) , because of the cross-linking of sand particles by the green alga Zygogonium spec. The decreasing porerelated van Genuchten parameter n (Table 1) indicates a claylike behaviour of the developed biocrusts. Via capillarity of the constricted pores, the soil crusts exerted a higher moisture tension, which increased with decreasing water content (Blume et al., 2010) . The individual crust organisms absorbed water as well (Belnap, 2006) , especially due to the higher volume through distinctive moss-lichen crusts. Because of these reasons, the pF-curves changed from the pure sandy substrate to a clay-like curse, similar to n. However, a sudden decline of the Θ s was measured in crust sample RFP 3. Due to the texture of the substrate, which did not differ significantly between the study sites ASD and RFP, an influence of the mineral substrate was excluded. Certainly, a large cover of the crustose lichen Placynthiella oligotropha was observed. We assumed that this crustose lichen clogged pores and sealed the crust surface, resulting in a decrease of the infiltration rate (Eldridge et al., 2010; Warren, 2003) . Differently from pore clogging by green algae, the lichen grew more crustose and adhered directly to the soil particles, hence, not only pores were clogged, but the crust surface was also sealed. Furthermore, increasing surface coverage and thickness presumably lead to prolonged water retention after wetting.
The saturated water content Θ s was highest in crust sample ASD 5 and amounted to 81%. Presumably, this might be explained by the formation of a Zygogonium spec. dominated the soil crust, which was thicker, compared to other soil crusts. When dry, the crust ASD 5 could be lifted off the soil as thick substrate-algal layer and could adsorb more water to the large inner crust surface as well as absorb by swelling (Belnap, 2006) . In contrast, the saturated water content of Θ s of ASD 4 did not differ remarkably from that of ASD 1 and was only slightly higher than that of the substrate (Table 1) . While the soil lichens grew mainly at the crust surface, most mosses grew into the algal layer, thereby hydrologically connecting the upper crust with the subjacent substrate. Further, green algae formed small-scale carpets in crust ASD 4, which were slightly thicker than in the less mature crusts. Hence, the saturated water content decreased, but the water retention time increased due to the water absorption of green algae and mosses (Belnap, 2006) . Compared to the sample ASD 1, Θ s was lower in crust ASD 2. This was likely due to changes in the pore structure, as we observed formation of voids by shrinking of ASD 1 during dehydration on the sand bed.
The distortion of the soil core reference volume by mosses and lichens at later stages of crust succession, resulted in higher Θ s , as mentioned, and it could be concluded that the additional moisture was absorbed by the lichen thalli and moss plants. Also, the residual water content was slightly higher, while the pF-curves showed a faster drainage compared to soil crusts with less distinctive mosses and lichens. That led to the conclusion that moss carpets and fruticose soil lichens were able to affect the water retention as well, but less strong than the crosslinking of soil particles by algae filaments did.
Due to the of the inhomogeneous distribution of lichens and mosses as well as the varying thickness of Zygogonium layers, the water retention differed between the study sites and between samples of similar developmental stages. Via water absorption by soil organisms and adsorption on organic matter, biological soil crusts were able to reduce run-off, store and redistribute water for promoting the growth of higher plants (Belnap, 2006) . Hence, they were able to raise the length of availability of plant available soil water reserves (Bowker, 2007) . On the other hand, investigations showed a promoted run-off by soil crusts (e.g. Kidron et al., 1999; Malam Issa et al., 2009) . Run-off generation on soils with biological soil crusts was also caused by hydrophobic polymers and extracelluar secretions (Fischer et al., 2013) , which reduced the size of pores formed by cyanobacteria (Mazor et al., 1996; Verrecchia et al., 1995) and induced run-off (Malam Issa et al., 2009) . Especially green algae absorbed water and swelled after wetting, but an influence of exopolymers was not confirmed in this study, this factor of run-off generation could not be verified. Furthermore, mosses absorb water after lower amounts of rainfall and prevent small-scale run-off.
Sealing of the soil surface did not only have an effect on soil hydrological processes, but also on the establishment and germination of higher plants in temperate sand dunes (Steinlein and Wittland, 2006) . However, it is still unclear if the surface sealing also affected run-off and re-distribution of the water along the slope and the soil water availability for higher plants under the temperate climatic conditions as it was demonstrated for arid dunes (Veste, 2008; Yair, 2008) . In RFP it might be that a more homogeneous and small-scale water re-distribution happened due to the more planar area as it was demonstrated by Kidron (2014) for a flat area in arid dunes.
CONCLUSION
Our study emphasised the influence of changing successional stages and species composition of biological soil crusts from initial scattered green algae crusts to distinctive moss-lichen crusts in temperate climate. During this succession, the repellency increased and infiltration rates decreased from pure substrate to green algae dominated crusts. This behaviour was caused by clogging of pores due to the cross-linking of sand particles by the filamentous green algae Zygogonium spec. In our case, the influence of EPS excreted by cyanobacteria was excluded because of the absence cyanobacteria, whereas studies carried out in arid and semiarid regions emphasised these importance on biocrusts repellency. The influence of Zygogonium spec. is still under discussion. The absorption capacity of soil crust biota as well as a decreased pore diameter in the green algae layers positively affected the water retention of crusted soil compared to pure substrate. The occurrence of moss plants with later succession weakened the repellent behaviour of the soil crusts, increased infiltration, and might have affected the run-off at small-scale on biocrusts. Certainly, the biological soil crusts showed water repellent properties but no distinctive hydrophobic characteristics. Based on the decreased repellency indices and higher water holding capacities, mature soil crusts might have reduced small-scale run-off on the crust under low rainfall intensities. On both locations, similar trends of waterrepellent behaviour and water retention related to crustal formation were observed, in spite of different relief, reclamation time and inhomogeneous distribution of crustal organisms.
The occurrence of biological soil crusts in temperate regions after disturbances should be carefully attended regarding the following reclamation measures. During their small-scale succession, biocrusts promoted soil and ecosystem development and established a basis for further growth of vegetation.
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